Met -hepatocyte growth factor / scatter factor ( HGF / SF ) signaling plays an important role in epithelial tissue morphogenesis, lumen formation, and tumorigenicity. We have recently demonstrated that HGF / SF also alters the metabolic activity of cells by enhancing both the glycolytic and oxidative phosphorylation pathways of energy production.
Introduction
Hepatocyte growth factor / scatter factor ( HGF / SF ) is a paracrine factor produced primarily by mesenchymal cells, which induces mitogenic, motogenic, and morphogenic changes [ 36 ] . The diverse biological effects of HGF / SF are all mediated by Met, which is preferentially expressed on epithelial cells. Null mutations in HGF / SF and Met are embryonic -lethal, demonstrating that this receptor -ligand pair is essential for normal embryonal development [ 32, 40 ] .
Met -HGF / SF signaling plays a crucial role in differentiation processes [ 5, 38 ] as well as in tumor development and progression [ 27, 41 ] . In the last decade, attention has focused on elucidating molecular participants in the Met -HGF / SF signaling pathway. Activation of Met by HGF / SF leads to the induction of several intracellular signaling pathways that interact with the multifunctional docking site [ 26 ] . This leads to changes in gene expression that include immediate increases in the transcription factors c -Fos and c -Jun, as well as Met [ 6 ] . Subsequent induction events include the upregulation of the transcription factor ETS1 [ 12 ] , urokinase -type plasminogen activator ( u -PA ) and its receptor [ 25 ] , and the zinc finger protein slug [ 31 ] . These events also correlate with HGF / SF -induced epithelial and endothelial cell migration and morphogenesis. Induction of collagenase ( matrix metalloproteinase 1, MMP -1 ) [ 12 ] and stromelysin -1 ( MMP -3 ) [ 11 ] was also demonstrated. Recently, analysis using DNA array technology showed alterations in gene expression patterns in response to HGF / SF in human breast cancer cells, which include genes involved in differentiation and development and in cellular metabolism [ 45 ] .
Met -HGF / SF signaling leads to a wide variety of cellular outcomes including cellular motility [ 35 ] , tubular branching [4] , in vitro invasiveness [ 18, 28 ] , and in vivo metastasis [ 19, 28 ] , all of which require an alteration in the metabolic activity of the cells. We have recently shown that HGF / SF treatment increases glucose and oxygen consumption, concomitant with an increase in the ratio between oxidized and reduced equivalents, and in ATP production [ 20 ] . Tyrosine kinase growth factor signaling pathways are well studied, yet the functional relationship between these pathways and the alteration in cellular metabolic activities is poorly understood. Very little is known about the cellular proteins mediating the alterations in bioenergetics induced by Met signaling.
We have previously shown that NIH -3T3 cells cotransfected with met and hgf / sf ( HMH cells ) form tumors in nude mice. These mesenchyme -derived tumor cells and explants show a differentiated phenotype and acquire lumen -like morphology in vitro and in vivo [ 39 ] . Therefore, HMH cells provide an excellent cellular model to study the differential expression of HGF / SF -induced genes in tumorigenicity and differentiation. Using this system, we show here that Met -HGF / SF induces a novel mitochondrial carrier homologue, which leads to mitochondrial depolarization.
Materials and Methods

Cell Lines and Cell Culture
T47D mammary carcinoma cell line [ 22 ] , DA3 [ 14 ] , NIH -3T3, HMH ( NIH -3T3 cells transfected with human met and human hgf / sf [ 27 ] ), and 293T cells ( human embryonic kidney cell line stably transfected with the SV40 large Tantigen ) were grown in DMEM ( GibcoBRL, Gaithersburg, MD ) supplemented with 10% heat -inactivated fetal calf serum ( FCS ). Madin -Darby canine kidney ( MDCK ) epithelial cells ( Type 2 ), provided by Dr. K. E. Mostov from the University of California at San Francisco, were grown in DMEM supplemented with 5% FCS.
Differential Display Reverse Transcription Polymerase Chain Reaction ( DD RT -PCR )
DD RT -PCR was performed as previously described by Bauer et al. [ 3 ] . For RT of an mRNA subset, 5 g of purified RNA was mixed initially with 400 ng of anchor primers dT11GG and dT11CA, kept for 10 minutes at 658C, followed by 10 minutes at room temperature. Three hundred units of AMV -RT ( GibcoBRL ) were added and the reaction was incubated for 1 hour at 428C in RT buffer containing 10 mM dNTP, 10 mM DTT, and 40 U of RNasin 1 ( Promega, Madison, WI ), and then incubated at 958C for 5 minutes. PCR was performed with 5 l of the cDNA reaction in a PTC -100 Thermal cycler ( MJ Research, Waltham, MA ) using PCR buffer with 2.5 U of AmpliTaq DNA Polymerase 1 ( Perkin -Elmer, Foster City, CA ), 1.25 mM MgCl 2 , 4 M dNTP, 1 l of S 35 dATP ( 1300 Ci / mmol; Amersham Pharmacia Biotech, Uppsala, Sweden ), 500 ng of the respective downstream anchor primer dT11GG or dT12CA, and 400 ng of the upstream DD primer from the set of 26 decameric oligonucleotide primers according to Bauer et al. [ 3 ] . The PCR products were resolved on a 6% PAGE / 7 M urea gel in 16 TBE buffer. The gel was dried and products were visualized by autoradiography.
Library Screening, cDNA Cloning, Sequencing, and Protein Expression
The cDNA library screening, restriction fragment analysis, subcloning, and sequencing analysis were performed as previously described [ 30 ] . GenBank database searches and homology searches were performed using the Blast program [ 1 ] . Homology alignments were completed using Multialin [ 10 ] . The phylogenetic tree was generated using ClustalW [ 37 ] . Secondary structure analysis was carried out using the Protein Hydrophilicity Search and Comparison Server at http: / / bioinformatics.weizmann.ac.il / hydroph / .
A T47D l gt11 cDNA library was screened and several overlapping clones coding human Mimp ( hMimp ) were isolated. EST putative full -length cDNA was generated and full -length human mimp was amplified from these clones using oligonucleotides 5 0 -CGGGATCCAGGTCAATGAAAT-GTGCTC -3 0 and 5 0 -CCCAAGCTTCTTCAGGTCACAA-CAATATCTT -3 0 containing BamHI and HindIII restriction sites, respectively, and cloned into plasmid pGEX -KG vector, yielding plasmid phMimp -GST in -frame with GST. Mimp -GST expressed in BL21 / DE3 Escherichia coli strain was purified using Glutathione Sepharose 4B beads according to manufacturer's recommendations ( Amersham Pharmacia Biotech ). The human Mimp coding region was transferred to pET28a vector ( Novagene, Madison, WI ) using BamHI and HindIII restriction sites ( phMimp -His ).
Mimp -His expressed in BL21 / DE3 E. coli strain was purified using Ni -NTA agarose beads according to manufacturer's recommendations ( Qiagen, Hilden, Germany ). The fulllength mouse mimp was amplified using oligonucleotides 5 0 -GGGGTACCATCATGGCGGACGCG -3 0 and 5 0 -GCGG-ATCCTGCCCCACATCTTCAAATTA -3 0 containing KpnI and BamHI restriction sites, respectively, and cloned into plasmid EGFP -C1 vector ( Clontech, Palo Alto, CA ), yielding plasmid pmMimp -GFP. The full -length mimp was transferred into pCruz HA -A vector ( Santa Cruz Biotechnology, Santa Cruz, CA ) using KpnI and XbaI restriction sites ( pmMimp -HA ). Full -length mouse mimp was transferred into pTRE ( Clontech ) using EcoRI and XbaI restriction sites ( pTRE -mMimp ). All PCR amplification reactions used Expand 2 highfidelity system ( Roche Molecular Biochemicals, Mannheim, Germany ). All the constructs were confirmed by dideoxynucleotide sequencing using ABI PRISMTM dye terminator cycle sequencing ready reaction kit ( Perkin -Elmer ) on an Applied Biosystems 313 automated DNA sequencer.
DNA Transfection and Generation of Inducible Clones
The Lipofectin reagent kit ( GibcoBRL ) was used for stable transfection as suggested by the manufacturer. NIH -3T3 were stably transfected with pmMimp -HA, and G418 ( GibcoBRL ) resistant clones were isolated. NIH -3T3 were stably transfected with pmMimp -GFP, and 293T cells were transiently transfected with the same vector by using standard calcium phosphate conditions. For the generation of inducible clones, we used a modification of the Clontech manual for generating Tet -on inducible cell lines [ 15 ] . In short, DA3 cells were stably transfected with the ''Tet -on'' plasmid ( pTet -On; Clontech ). Clones were selected with G418, and the clone with the highest inductive potential was chosen by assessing the fluorescent intensity of cells transiently transfected with pTRE -GFP. This parental clone ( clone 7 ) was further stably cotransfected with a plasmid containing mMimp under a Tet -inducible promoter ( pTREmMimp ) and a plasmid containing resistance to Hygromycin ( pTK -Hyg ). Clones were again selected and tested for inducible Mimp expression in presence of 2 g / ml doxycycline ( Dox ) in the growth medium using Northern blot analysis of Mimp, and two clones were chosen for investigation ( iMimp -DA3 clones 77 and 212 ).
Antibodies
Mouse monoclonal HA -probe ( F -7 ) ( Santa Cruz Biotechnology ) and anti -GFP ( Roche Molecular Biochemicals ) were used. To generate Mimp -specific antiserum, purified GST -tagged and His -tagged hMimp were injected into different rabbits using standard immunization procedures [17] .
Subcellular Fractionation
Subcellular fractionation was performed as previously described [ 16 ] . Briefly, mMimp -GFP transfected 293T cells were washed once in phosphate -buffered saline, resuspended in isotonic HIM buffer ( 200 mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.5 ) supplemented with a protease inhibitor mixture ( added at a 1:25 dilution; Roche Molecular Biochemicals ), and homogenized using a Polytron homogenizer ( Brinkmann Instruments, Westbury, NY ). Nuclei and unbroken cells were separated at 120g for 5 minutes and discarded. The supernatant was centrifuged at 10,000g for 10 minutes to discharge the heavy membrane ( HM ) pellet. The supernatant was centrifuged at 100,000g for 30 minutes to yield the light membrane ( LM ) pellet and the final soluble ( S ) fraction.
Western Blot Analysis of Mimp
Near confluent cells in 90 -mm -diameter dishes were washed twice with cold PBS and lysed in 1 ml of lysis buffer ( 20 mM Tris -HCl, pH 7.8, 100 mM NaCl, 50 mM NaF, 1% NP40, 0.1% SDS, 2 mM EDTA, 10% glycerol ) with protease inhibitor cocktail and 1 mM sodium orthovanadate ( Sigma, St. Louis, MO ). Cell lysates pooled from several plates were clarified by centrifugation, protein concentration was quantified using the BCA protein assay kit ( Pierce, Rockford, IL ), and 60 g of cell lysate protein was evaluated by Western blot analysis using polyclonal rabbit anti -Mimp Ab ( 1:250 ). Visualization was achieved using HRP -conjugated antirabbit IgG ( 1:40,000 ) ( Jackson Immuno Research Laboratories, West Grove, PA ), ECL reaction, and exposure to X -ray film ( Kodak, Rochester, NY ).
Northern Blot Analysis
Total RNA was prepared from cultured cells and from mouse tissues using TRI -REAGENT ( Sigma ). Samples containing 10 g of RNA were separated on 1.2% agarose / formaldehyde gels and blotted to Nytran transfer membrane ( Schleicher and Schuel, Dassel, Germany ). The membrane was prehybridized for 4 hours in 5Â SSC, 5Â Denhardt's solution, 50% formamide, 0.1% SDS, and 200 g/ml denatured salmon sperm DNA at 428C. 32 P dCTP Probes were synthesized from cDNA of murine met and mimp using the NEBlot Kit ( New England BioLabs, Beverly, MA ) and added to the hybridization buffer, for overnight incubation. The membrane was washed under high stringency conditions at 508C in 0.5 ÂSSC, 0.1% SDS for 20 minutes, followed by 0.1Â SSC, 0.1% SDS for 40 minutes. The membrane was stripped in 0.1% SDS at 1008C for 30 minutes and reprobed under identical conditions with a GAPDH or rRNA probe. Mouse RNA Master Blot ( Clontech ) was probed using a murine mimp probe according to manufacturer's instructions.
Immunofluorescence Staining and Confocal Analysis
Lab -Tek chamber slides ( Nunc, Roskilde, Denmark ) were plated with 10 4 cells per well and incubated for 24 hours.
Subsequently, cells were fixed with cold absolute methanol for 10 minutes and permeabilized with cold acetone for 10 minutes. Following blocking in 1% BSA and 10% normal donkey serum in PBS for 10 minutes at room temperature, the cells were incubated with primary antibody for 1 hour at room temperature. Following three washes in PBS, cells were stained with donkey anti -mouse antibody conjugated to fluorescein isothiocyanate ( FITC ) ( 1:100 ) ( Jackson Immuno Research Laboratories ) for 1 hour at room temperature. Slides were washed three times in PBS and mounted with cover slips using GelMount ( Biomeda, Foster City, CA ). For mitochondrial staining, live cells were incubated with 500 nM MitoTracker Red CMXRos ( Molecular Probes, Eugene, OR ) in medium for 30 minutes at 378C and rinsed with prewarmed PBS. For nuclear staining, fixed cells were incubated with 1 g / ml DAPI ( Sigma ) in PBS for 10 minutes at room temperature, and then washed twice with PBS. Stained cells were analyzed using a 410 Zeiss ( Zeiss, Oberkochen, Germany ) confocal laser scan microscope ( CLSM ) with the following configuration: 25 mW Krypton / Argon ( 488, 568 nm ) and HeNe ( 633 nm ) laser lines. Colocalization analysis was performed using the Zeiss colocalization function. When comparing fluorescence intensities, identical CLSM parameters ( e.g., scanning line, laser light, contrast, and brightness ) were used.
FACS Analysis of Mitochondrial Membrane Potential
Mimp -inducible DA3 clones ( iMimp -DA3 clones 77 and 212 ) were plated in the presence of different concentrations ( 100 -1000 ng / ml ) of Dox ( Sigma ) and grown for 3 days. Mitochondrial membrane potential was analyzed as previously described [ 29 ] . Briefly, a mitochondrial membrane potential -sensitive dye, 5,5P,6,6P -tetrachloro -1,1P,3,3P -tetraethylbenzimidazolylcarbocyanine iodide ( JC -1; Molecular Probes ) was diluted to a final concentration of 5 M with prewarmed ( 378C ) culture medium and filtered through a nylon mesh to exclude aggregated JC -1. Cells were incubated in 1 ml of the staining medium at 378C in the dark for 90 minutes. As a positive control for mitochondrial depolarization, 100 M of carbonyl cyanide m -chlorophenylhydrazone ( CCCP; Sigma ) was added to the incubation medium. The stained cells were washed, trypsinized, washed again, and resuspended in 1 ml of PBS. The cells were analyzed by FACS ( FACSort; Becton Dickinson, Franklin Lakes, NJ ) with an argon laser with excitation at 488 nm and using filters transmitting at 525 ± 20 nm in the FL1 channel ( green ) and 590 nm in the FL2 channel ( red ). The ratio of red ( emission 593 nm ) versus green ( emission 532 nm ) fluorescence intensity was calculated for each cell and plotted as a histogram. For dose -dependent analysis, the average fluorescence ratio of the cell population was calculated and normalized relative to nontreated cells as control. Statistical differences between groups were analyzed using two -way ANOVA in Microsoft Excel ( Microsoft, Redmond, WA ).
Results
Identification of Mimp by Differential Display
To identify novel genes induced by HGF / SF, we employed the mRNA differential display technique. HMH cells are NIH -3T3 stably transfected with both human hgf / sf and met, which exhibit a differentiated phenotype and are tumorigenic in nude mice [ 39 ] . Four independent RNA samples from NIH -3T3 and HMH were used to synthesize cDNA, which was subsequently used for a DD RT -PCR using 10 different arbitrary primers. A number of candidate genes were preferentially expressed in HMH cells. A cDNA fragment designated mimp was isolated using the anchor primer dT11GG ( Figure 1A ). This partial cDNA of murine mimp was cloned and sequenced. Northern analysis using the cloned mimp cDNA was used to verify that the mRNA was predominantly expressed in HMH cells relative to NIH -3T3 cells. A GAPDH probe served as control ( Figure 1B ) . These results indicate that mimp mRNA is differentially upregulated in HMH cells.
Mimp mRNA Induction in Response to HGF / SF Treatment
The expression of mimp mRNA in response to HGF / SF treatment was examined in the Met -expressing epithelial cell lines MDCK and DA3. Total RNA samples from these cell lines before and after treatment with HGF / SF were subjected to Northern blot analysis using mimp as a probe ( Figure 1C ) . In MDCK cells, mimp mRNA was five -fold higher 3 hours after treatment and 10 -fold higher 6 hours after treatment relative to untreated cells. The level of 18S rRNA served as control ( Figure 1C ) . Similar results were obtained with the DA3 cell line. Whereas mimp mRNA levels were almost undetectable before HGF / SF treatment, they were dramatically increased after 24 hours of treatment ( Figure 1C ). These results indicate that mimp is induced by Met -HGF / SF signal transduction.
Mimp Protein Induction in Response to HGF / SF Treatment
In order to characterize the Mimp protein, we produced rabbit polyclonal antibodies against Mimp as described in Materials and Methods section. The specificity of the anti -Mimp antibody was verified by Western blot and immunofluorescence analysis of Mimp -transfected versus neotransfected cells ( results not shown ). Western blot analysis of both murine DA3 cells and human Metresponsive T47D cells ( Figure 1D ) with anti -Mimp antibody recognized an endogenous protein of about 33 kDa, in agreement with the calculated molecular weight. To examine the induction of Mimp by HGF / SF, we treated DA3 and T47D cells with HGF / SF for 24 hours. Subsequent Western blot analysis of cell extracts showed an increase in Mimp levels 8 hours after treatment, which was further increased 24 hours after treatment ( Figure 1D ).
Distribution of Mimp mRNA in Murine Tissues
To study the pattern of mimp expression, Northern blot analyses were performed on RNA extracts from different mouse tissues ( Figure 2A ) . The analyses showed that mimp mRNA is expressed in most of the tissues examined.
Comparison of met and mimp expression patterns showed high similarity, with both predominantly found in epithelial tissues ( Figure 2A ). Both mRNA species are highly expressed in the liver and kidney; moderately expressed in the ovary, heart, and skeletal muscle; and scarcely expressed in the uterus and in the spleen. However, in the lungs, met expression is relatively higher than that of mimp.
Dot blot analysis of RNA from 20 different mouse tissues further corroborated the results obtained from the tissue Northern blot analysis and also showed that mimp is highly expressed in the testis and in the brain and moderately expressed in smooth muscle, thyroid, submaxillary gland, and the epididymis ( Figure 2B ). Mimp was also expressed in a number of human -derived epithelial cell lines ( results not shown ).
Cloning of Full -Length Mouse Mimp cDNA
The full -length mouse mimp was cloned from NIH -3T3 cells and sequenced. Mouse mimp encodes a 1081 -bp mRNA transcript with a single open reading frame ( ORF ) ( Figure 3A ) . The sequence was further confirmed by comparing it to the expressed sequence tags database ( dbEST ). The cDNA of mouse mimp comprises an ORF of 911 bp, followed by a 127 -bp putative 3 0 -untranslated region that contains a polyadenylation signal ( AATAAA ) and a poly( A ) + tail. The first amino -terminal ATG codon at nucleotides 43 to 45 is very likely the true translation initiation codon because it is flanked by sequences that predict strong translational initiation. The ORF encodes a predicted polypeptide of 303 amino acids with a calculated isoelectric point of 7.96 and a molecular mass of 33 kDa. The mouse Mimp protein is 93% identical to the human Mimp protein ( Figure 3A ) . The sequences of both human Mimp and mouse Mimp were submitted to GenBank as mitochondrial carrier homologue 2 ( Mtch2; GenBank accession nos. NP 055157 and AAD52647, respectively ). Recently, a Mimp homologue was discovered. The protein, named PSAP ( Mtch1; GenBank accession no. AF189289 ), has 46% identity and 65% similarity in amino acid sequence to human Mimp ( Figure 3, A and B ) and has nearly identical secondary structure [ 44 ] .
The predicted polypeptide sequences of mouse and human Mimp show 25% identity and 40% similarity to the family of MCPs [ 43 ] and display the energy transfer signature motif characteristic of this family ( Figure 3A ) . It, therefore, seems that Mimp and PSAP are a part of a new subfamily of the MCP family.
Another subfamily of the MCPs is the family of uncoupling proteins ( UCPs S -labeled PCR products were visualized by autoradiography. Lanes 1 to 4: NIH -3T3 mRNA; lanes 5 to 8: HMH mRNA. Arrows indicate candidate PCR products that are differentially regulated. The upper arrow [ 6 ] indicates a fragment of a novel gene designated mimp. ( B ) Northern analysis using murine mimp as a probe. Ten micrograms of RNA from NIH -3T3 fibroblasts and HMH cells was analyzed. Hybridization to a GAPDH probe was used as control. ( C ) Northern analysis using murine mimp as a probe. DA3 and MDCK Cells were exposed to 80 U / ml HGF / SF for 0, 4, and 24 hours or 0, 3, and 6 hours, respectively. RNA was prepared and the blot was probed with mouse mimp probe. 18S rRNA was used as control. ( D ) Western blot analysis using anti -Mimp antibody as a probe. DA3 and T47D cells were exposed to 80 U / ml HGF / SF for 0, 4, 8, or 24 hours. Cell lysates were prepared, separated on a 12% SDS polyacrylamide gel, and subjected to Western blot analysis with rabbit anti -Mimp antibody.
identity and about 30% similarity to mitochondrial UCPs. A phylogenetic tree is presented in Figure 3B . The similarity between murine Mimp and the MCP superfamily ( represented by the murine ATP / ADP carrier protein ) was further substantiated by pairwise comparison of their sequence using the ''Compare'' program from the GCG package ( Figure 4A ) . A perfect central diagonal line ( which represents the perfect relation obtained by aligning the sequence with itself ) and three parallel diagonal lines can be seen ( Figure 4A , see arrows ). These lines are about 100 amino acids apart, and represent weaker but significant tandem repeats in the same protein. The mMimp tandem repeats are shorter but exhibit the same pattern.
In order to study the putative secondary structure of Mimp, we performed a comparative Kyte -Doolittle analysis for murine Mimp, murine UCP3, and murine ADP / ATP translocase 2 ( GenBank accession nos. P56501 and P51881, respectively ) ( Figure 4B ). The structure of Mimp resembles mitochondrial transport protein structure ( Figure 4B ) , in which the predominant features are six transmembrane ahelices ( regions I -VI, Figure 4B ) and three hydrophilic regions exposed to the aqueous environment ( regions A -C, Figure 4B ) [ 43 ] .
BLAST against the HTGS database with human Mimp cDNA sequence revealed the genomic sequence of Mimp ( GenBank accession no. NT 008978 ). Human mimp mRNA is transcribed by 13 exons and spans at least 29 kb ( Figure 3C ). All the splice acceptor and donor sequences conform to the GT -AG consensus rule for splicing ( results not shown ). Based on the draft of the human genome, human Mimp maps to chromosome 11q12.1 between 51834K and 51860K.
Mimp Localizes to the Mitochondrial Membrane
To examine the subcellular localization of Mimp, NIH -3T3 cells were stably transfected with pmMimp -HA and costained with anti -HA antibody ( Figure 5Aa ) and with MitoTracker Red ( Figure 5Ab ). The cell staining patterns of Mimp showed a typical mitochondrial punctate staining throughout the cytoplasm with no nuclear or cell surface staining. Control cells transfected with empty HA vector showed background staining ( Figure 5Aa 0 colocalized with the mitochondrial MitoTracker staining as indicated by yellow in the merged image ( Figure 5Ac ). To further substantiate these results, NIH -3T3 were stably transfected with pmMimp -GFP ( Figure 5Ba ) and stained with MitoTracker Red ( Figure 5Bb ) . The Mimp -GFP also exhibited a mitochondrial staining, which colocalized with the MitoTracker ( yellow, Figure 5Bc ). We also transiently transfected 293T epithelial cells with Mimp -GFP ( Figure 5Ca ) and stained with MitoTracker Red ( Figure 5Cb ) . The Mimp -GFP patterns also showed a typical mitochondrial punctate staining that colocalized with MitoTracker ( Figure 5Cc ). We performed colocalization analysis using the Zeiss colocalization procedure as described in Materials and Methods section to confirm our observations. The red / green intensity graph shows a 458 angle typical for colocalization ( Figure 5Cd ) . A region of colocalization was selected in this graph ( circled in red ). These selected pixels are represented in blue ( Figure 5Ce ) and overlaid on the colocalization image ( Figure 5Cf ). Mimp -GFP transfected 293T cells were subjected to subcellular fractionation and to Western blot analysis using anti -GFP monoclonal antibodies. Mimp -GFP was predominantly expressed in the HM fraction, which is enriched for mitochondria. In this fraction, the mitochondrial cytochrome C oxidase was also localized ( Figure 5D ). Mimp was also shown to localize to the mitochondria in DA3 cells using immunofluorescence ( results not shown ). Taken together, these data indicate that Mimp protein localizes to the mitochondria.
Mitochondrial Membrane Potential Reduction Following Inducible Mimp Expression
In order to study the function of the Mimp protein, we generated ''Tet -on'' inducible DA3 clones that express murine Mimp following treatment with the tetracycline derivative, Dox ( iMimp -DA3 clones 77 and 212; Figure 6A ). DA3 cells were selected because we have previously characterized their cellular response to HGF / SF [ 13, 20 ] and because HGF / SF treatment leads to upregulation of Mimp ( Figure 1, C and D ) . Mitochondrial staining using MitoTracker Red showed a reduction in levels of dye uptake in the Mimp -induced cells ( Figure 6B ). As the loading of MitoTracker Red is dependent on the mitochondrial membrane potential [ 7 ] , our observation suggested that induction of Mimp led to mitochondrial depolarization. The depolarizing effect of Mimp increased in a dose -dependent manner ( Figure 6Bb -e ) . The images show that at low doses of Mimp induction, total dye uptake was reduced in the cell population ( Figure 6Bb ) . At higher levels of Mimp induction, the amount of stained mitochondria was significantly lower than expected from cell size in some of the cells, suggesting that a fraction of the mitochondria in the cell was depolarized and unstained ( Figure 6Bc, arrowhead ) . At even higher levels of Mimp induction, cells can be seen in which there is no mitochondrial staining at all, suggesting the all mitochondria are depolarized ( Figure 6Bd, arrowhead ) . The chemical uncoupler CCCP was used as a positive control and showed a significant decrease in MitoTracker Red staining ( Figure 6Bf ) . It is noteworthy to mention that all cells showed intact nuclear DAPI staining, indicating that the mitochondrial depolarization induced by Mimp did not alter nuclear integrity and organization.
To further corroborate the Mimp -induced mitochondrial depolarization, we monitored mitochondrial membrane potential in iMimp -DA3 clones using the fluorescent dye, JC -1, which is a reliable indicator of mitochondrial membrane potential changes in live cells [ 24, 29 ] . The ratio between the red and green fluorescence of each stained cell was calculated, and the ratio histogram plotted to indicate the mitochondrial membrane potential of the cell population [ 23 ] . Mitochondrial membrane depolarization is indicated by a decrease in the red / green fluorescence intensity ratio. In both iMimp -DA3 clones ( 77 and 212 ), Mimp induction led to a significant decrease in the average mitochondrial membrane potential compared to noninduced cells ( P = .02, twoway ANOVA ). The effect was manifested both as an increase in the subpopulation of the depolarized cells in the Dox -treated cells ( left peak of the histogram ) as well as in an overall left shift of the histogram plot ( Figure 6C the depolarized cells ( Figure 6D ). The percentage of cells in the left peak of the histogram, representing the cells with low mitochondrial potential, increased from 54% to 70.5% and from 33% to 61% in the two inducible Mimp clones following treatment with Dox. Dox treatment did not alter the mitochondrial membrane potential in the noninducible DA3 clone ( Figure 6Ca, D, and E ) . The cells were treated with different concentrations of Dox at the range of 50 to 500 ng / ml and the average red / green ratio of each cell population was calculated and normalized relative to nontreated cells. The extent of mitochondrial depolarization was positively correlated to the level of Mimp induction by different concentrations of Dox ( Figure 6, A and E ) . In one of the iMimp clones, mitochondrial depolarization was already apparent at Dox concentrations of 50 ng / ml, whereas in the second clone, the depolarization became apparent at Dox concentrations of 100 ng / ml.
Discussion
We show in this work that constitutive activation of Met by HGF / SF in HMH cells leads to elevated expression of a novel gene designated Mimp. The mouse mimp gene encodes a 303 -amino -acid protein that shows similarity to members of the MCP family both in sequence and in putative secondary structure.
The expression of Mimp is induced in a number of cell lines following activation of Met by HGF / SF, suggesting that Mimp levels are regulated by Met signal transduction. Mouse Mimp is ubiquitously expressed in vivo, especially in epithelial tissues, muscle, and testis. Its expression pattern resembles the expression pattern of Met in vivo, suggesting that these two proteins are associated in vivo as well.
Mimp was shown to localize to the mitochondria in both fibroblastic and epithelial cell lines. This result was further corroborated by the mitochondrial localization of GFP -Mimp in live NIH -3T3 and 293T cells, confirming the localization predicted from its putative secondary structure and from its homology to the MCPs.
In order to study the physiological effect of Mimp, we generated Mimp -inducible cell clones in the adenocarcinoma cell line DA3. An inducible system is a very powerful in vitro model because the control cells are identical to the inducible cells in every other aspect. We chose to study the biological activities of Mimp in an epithelial cell model because it is highly expressed in epithelial tissues. We selected the cell line DA3 because these cells respond to HGF / SF in a well -characterized manner [ 13, 20 ] and exhibit a significant increase in Mimp in response to HGF / SF. Using this system, we were able to show in two experimental methods that Mimp induction decreases the mitochondrial membrane potential. Alterations in mitochondrial membrane potential were manifested in an altered ratio between polarized and depolarized cells as well as in an overall decrease in the mitochondrial membrane potential of the total cell population. The mitochondrial depolarization correlated with the extent of Mimp induction.
To date, the carrier function of at least 14 mitochondrial anion transporters has been clearly identified. These functions are essential for processes of ATP generation, glycolysis, gluconeogenesis, and sterol and fatty acid biosynthesis [ 21 ] . Interestingly, many of these proteins, namely the ADP / ATP translocator, the glutamate / aspartate antiporter, the dicarboxylate carrier, and the phosphate carrier, have been shown to be involved in uncoupling induced by fatty acids [ 33, 34 ] . Their suggested mode of action as mitochondrial uncoupling agents is by translocation of anionic fatty acids from the mitochondrial matrix to the cytosol, where the fatty acids can bind protons and enter back into the mitochondrial matrix by diffusion [ 33, 34 ] . However, it has also recently been claimed that the uncoupling function described for many of these proteins is artifactual and is a consequence of their overexpression [ 8 ] . We have shown in this work that Mimp, a mitochondrial carrier homologue, decreases the mitochondrial membrane potential in intact cells in a dose -dependent manner. The mechanism by which Mimp leads to mitochondrial depolarization and its physiological relevance remains to be clarified, although its similarity to other MCPs may hint to a resemblance in their action. Several physiological roles have been suggested to mitochondrial uncoupling, including regulation of heat production, regulation of anabolic and catabolic processes, and regulation of reactive oxygen species ( ROS ) production [ 2 ] . We show here for the first time that signaling through the tyrosine kinase receptor Met induces a carrier protein homologue with potential uncoupling function, and suggest that its elevation might be part of the concerted cellular response to the immediate increase in the energetic demands of the cell following HGF/SF signaling.
Signaling through Met -HGF / SF has been implicated in processes of proliferation and metastasis as well as differentiation and growth arrest, and much is known about cellular participants mediating the different cellular outcomes [ 9 ] ; but so far, these pathways have not been fully characterized in terms of their bioenergetic cellular state. We have recently shown that glucose and oxygen consumption and the cellular ratio between oxidized and reduced equivalents are immediately increased in DA3 cells in response to HGF / SF treatment concomitant with an elevation in energy production [ 20 ] , possibly in order to provide the cells with sufficient energetic means to carry out the HGF / SF -induced responses. It can be postulated that the elevation in Mimp levels occurring several hours after HGF / SF treatment in these cells is part of a regulatory mechanism aimed at decreasing detrimental effects of increased respiration, such as excess ROS production. Indeed, it was shown that macrophages from UCP2 -deficient mice generated increased levels of ROS [ 2 ] .
As one common feature of growth factor receptor signaling pathways is that they increase the rate of cellular metabolism [ 42 ] , such a regulatory mechanism might turn out to be more general, occurring in response to other growth signals and involving other mitochondrial proteins. It will be interesting to investigate whether other signaling cascades induce Mimp or other mitochondrial proteins as a metabolic feedback response mechanism, and how the Mimp -induced alterations in cellular bioenergetics modify tumorigenicity and metastatic potential.
